Abstract: We develop a systematic procedure of constructing lepton mass matrices that satisfy all the experimental constraints in the light lepton sector of the minimal left-right symmetric model with type-I seesaw dominance. This method is unique since it is applicable to the most general cases of type-I seesaw with complex electroweak vacuum expectation values in the model. With this method, we investigate the TeV-scale phenomenology in the normal hierarchy without fine-tuning of model parameters, focusing on the charged lepton flavour violation, neutrinoless double beta decay, and electric dipole moments of charged leptons. We examine the predictions for typical ranges of associated observables such as branching ratios of rare lepton decays, and study how those experimental constraints affect the model parameter space. The most notable result is that the regions of parameter space that allow small light neutrino masses have been constrained by the present experimental bounds from charged lepton flavour violation. Furthermore, we also find that the mass of the lightest heavy neutrino should be relatively small in order to satisfy those experimental constraints.
Introduction
The Standard Model (SM) of particle physics is a chiral theory with a broken parity symmetry, and the left-right symmetric model is an extension of the SM with the parity symmetry restored at high energies [1] [2] [3] . Its extended particle content (e.g. right-handed (RH) neutrinos and gauge bosons) allows us not only to find the solution to the parity problem of the SM but also to solve the problem of understanding the neutrino masses via the seesaw mechanism [4] [5] [6] [7] . If the scale of parity restoration is in the few TeV range, we can expect new physics signals that are not present in the SM in planned future experiments. For example, since the lepton number for each flavour in the left-right symmetric model is no longer an exact symmetry of nature as in the SM, it is possible to observe charged lepton flavour violation (CLFV) processes such as µ → eγ or lepton number violation effects through neutrinoless double beta decay (0νββ). Furthermore, since the left-right symmetric model not only has more particles but also has more sources of CP violation not present in the SM such as complex Yukawa couplings and vacuum expectation values (VEV), we can also expect large CP violating effects such as the electric dipole moment (EDM) of a charged lepton. In this paper, these aspects of the left-right symmetric model will be discussed.
In the lepton sector of the minimal left-right symmetric model (MLRSM), of which a brief review is provided in section 2, we have four mass matrices: the charged lepton mass matrix M , the Dirac neutrino mass matrix M D , and the left-handed and RH Majorana neutrino mass matrices M L and M R . The light neutrino mass matrix M ν is determined by M D , M L , and M R through the
Since we have experimental data on the masses of charged leptons and the squared-mass differences of neutrinos as well as their mixing angles, M is completely known in the charged lepton mass basis and M ν is also partially determined in its own mass basis and in the charged lepton mass basis. The neutrino mass matrices M D , M L , and M R are nonetheless completely unknown, and constructing those matrices compatible with experimental data is a nontrivial problem, not only because M and M D in the MLRSM are determined from common Yukawa couplings and electroweak VEV's, but also because those Yukawa coupling matrices have a specific structure (i.e. Hermitian or symmetric) in a specific basis (i.e. symmetry basis) due to the discrete symmetry (i.e. parity or charge conjugation symmetry) of the model that realizes the manifest left-right symmetry at high energies.
For simplicity, we may assume that the electroweak VEV's are all real, in which case M and M D have the same structure (i.e. Hermitian or symmetric) as the Yukawa coupling matrices. Since they maintain that structure in any basis, we can work in the charged lepton mass basis where M is completely determined so that we can practically forget about it while keeping the structure of mass matrices. Now using that structure itself, we can find M R from known M D [8] or alternatively find M D from known M R [9] . Without loss of generality, however, we can make only one of two electroweak VEV's real by gauge transformation. Furthermore, for the TeV-scale MLRSM, M D assumed or constructed in such ways usually requires fine-tuning of Yukawa couplings and VEV's, and it would be rather difficult to make natural predictions for the TeV-scale phenomenology of the MLRSM using those mass matrices.
In this paper, we develop a different approach appropriate for the case of type-I dominance (i.e. M L = 0) with complex electroweak VEV's: (i) the Yukawa coupling matrices with a desired structure are constructed from M in the symmetry basis; (ii) M D is determined from those Yukawa couplings as well as the electroweak VEV's, and M R is calculated from M D we have found. Since Yukawa couplings are explicitly constructed and M D is calculated from them, fine-tuned M D can only appear rarely. With this method, we collect a huge amount of data points that satisfy all the major experimental constraints, and conduct a comprehensive study of the TeV-scale phenomenology of the model, focusing on the CLFV, 0νββ, and EDM's of charged leptons.
There are several works which studied CLFV and 0νββ in the MLRSM: in reference [10] , those effects were discussed in the type-I or type-II seesaw dominance, and several processes of 0νββ were examined in detail; in reference [11] , CLFV and 0νββ processes were investigated also in type-I or type-II dominance with emphasis on the allowed masses of doubly charged scalar fields; in reference [12] , the type-I+II seesaw contributions were simultaneously considered as in references [8] and [9] , but with richer results on the phenomenology; in reference [13] , the CLFV effects were studied in detail also in the type-I+II seesaw cases by a slightly different method from the one originally proposed by reference [8] . However, the common features of those works are: (i) real electroweak VEV's were explicitly or implicitly assumed, and (ii) M D or M R was chosen for numerical analysis without considering the issue of fine-tuning. Even though we can still obtain meaningful results focusing on specific regions of parameter space with rich phenomenologies, it is important to investigate the predictions of the model in a more natural situation. Furthermore, some works assumed that the tree-level contribution to µ → eee is always dominant over the type-I contribution in their analyses. We will also see that this is an inadequate assumption. This paper is organized as follows: in section 2, a brief review on the MLRSM is provided; in section 3, we systematically construct lepton mass matrices that satisfy the experimental constraints in the light lepton sector; in section 4, the conditions for the TeV-scale MLRSM is investigated, and its phenomenology is studied; all the expressions of observables of CLFV, 0νββ, and EDM's of charged leptons used in this paper are summarized in appendix A; the benchmark model parameters and their predictions are provided in appendix B.
Minimal left-right symmetric model
In this section, we briefly review the MLRSM. The gauge group of the MLRSM is 1) and the representations of the leptons are
where i is the flavour index. The bi-doublet scalar field is given by
and the triplet scalar fields are
The Lagrangian terms of Yukawa interactions are written as
Here, ψ c ≡ Cψ * , and thus ψ c = −ψ T C where C = iγ 2 γ 0 is the charge conjugation operator in the Dirac-Pauli representation. Note that h L and h R are symmetric matrices. Without loss of generality, we can write the VEV's of scalar fields as
After spontaneous symmetry breaking, the mass matrix of charged leptons is written as 8) and the neutrino mass term is given by
where
When v L κ 1 , κ 2 v R , the light neutrino mass matrix is given by the seesaw mechanism
In this paper, we only consider the case of type-I dominance by assuming v L = 0, and the light neutrino mass matrix is given by the type-I seesaw formula
We denote the mass eigenstates of the light and heavy neutrinos as ν i and N i (i = 1, 2, 3), respectively. 
where ξ is the W L -W R mixing parameter given by
14)
The masses of charged gauge bosons are
where v EW = κ 2 1 + κ 2 2 = 246 GeV is the VEV of the SM. In addition, the masses of neutral gauge bosons Z 1 , Z 2 , A are given by 
For the MLRSM with a manifest left-right symmetry before spontaneous symmetry breaking, we need a discrete symmetry which could be either the parity symmetry or the charge conjugation symmetry. In case of the parity symmetry, we have the relationships of fields and Yukawa couplings given by 19) and in case of the charge conjugation symmetry
We consider only the parity symmetry here. This symmetry is manifest in a specific basis in the flavour space, which we call the symmetry basis. The scalar potential invariant under the parity symmetry is written as
In this paper, we study the TeV-scale MLRSM without fine-tuning, for which κ 1 κ 2 is one of the sufficient conditions, as we will see in section 4. The physical scalar fields and their masses when v L = 0 and v R κ 1 κ 2 are summarized in table 1 [14] .
Physical scalar fields Mass-squared 
The mixing between δ ++ L and δ ++ R is assumed to be small, although it could be large in principle for relatively small values of ρ3 − 2ρ1 and vR [13] . It is, however, a good assumption even for such cases if we introduce an additional assumption β1, β3 O(10 −1 ).
Construction of lepton mass matrices
In this section, we discuss the procedure to construct lepton mass matrices that satisfy the experimental constraints in the light lepton sector (i.e. light neutrino masses and mixing angles) in case of type-I dominance. The Yukawa coupling matrices f ,f in the symmetry basis are Hermitian due to the parity symmetry before spontaneous symmetry breaking. However, the mass matrices M and M D in the same basis do not have such structures when the electroweak VEV's are complex, and it is therefore a non-trivial problem to construct mass matrices that would give Yukawa couplings with the right structure in the symmetry basis and simultaneously satisfy all the constraints in the light lepton sector. The procedure to construct such lepton mass matrices is as follows: (i) first, we find M in the symmetry basis that gives the right masses of charged leptons, and build up f ,f , and VEV's out of it. The solutions are not unique; (ii) M D is constructed in the straightforward way from the Yukawa couplings and VEV's we have obtained, and M R can also be easily calculated from this M D and the type-I seesaw formula of equation 2.12.
Since the masses of charged leptons are already known, M in the symmetry basis can be easily constructed from
where V L and V R are arbitrary unitary matrices and M c is the diagonal matrix which has charged lepton masses as its entries. The superscript c denotes mass matrices in the charged lepton mass basis, and we always assume that matrices without any superscript are in the symmetry basis. Note that V L and V R are totally different matrices in general even with a manifest discrete symmetry when the electroweak VEV's are complex. With the parity symmetry, we have
where A, B are Hermitian matrices. Therefore, for the rest of step (i), we claim that, for an arbitrary matrix M , it is always possible to find Hermitian matrices A, B such that M = Ae iα + B. In order to prove it, we explicitly construct Hermitian matrices A, B that satisfy M = Ae iα +B. First, we write A ij = |A ij |e iθij and B ij = |B ij |e iφij where θ ji = −θ ij and φ ji = −φ ij . Then, we have
From these expressions, it is straightforward to derive
Note that two different values of θ ij are allowed in the range −π < θ ij < π for each pair of i, j. In addition, since | sin α| ≤ 1, we must have
which sets the lower bound of |A ij | for given M . If |A ij | = 0, we can write
Now we choose an arbitrary real number |A 11 | that satisfies 6) and determine α from
Note that four different values of α are allowed in the range −π < α < π. We can find all the other |A ij | from
By equations 3.9 and 3.3, A is completely determined. Alternatively we can write
It is now trivial to find B from B = M − Ae iα , and explicitly
Note that A and B are indeed Hermitian matrices. Since we have two choices of A ij for each pair of i, j as well as each choice of α and |A 11 |, there are 2 6 choices of A for each α and |A 11 | as we have three diagonal and three off-diagonal independent components in A. Moreover, since we have four choices of α for each |A 11 |, there are total 2 6 · 4 = 256 different choices of A, B, and α for each choice of |A 11 |. We use this method to construct lepton mass matrices in the TeV-scale MLRSM. [15] .
For the TeV-scale MLRSM, i.e. 0.1 TeV m N 100 TeV, we need |M Dij | 10
−iα )/ √ 2 in the MLRSM, its largest component could be as small as 10 −3 GeV when the corresponding components of f κ 1 andf κ 2 e −iα almost cancel each other, which is however unnatural. One solution to avoid such cancellation is that either f κ 2 orf κ 1 is dominant in M whilẽ f κ 2 and f κ 1 are both small and comparable to each other in M D . Note that we need hierarchies in both Yukawa couplings and VEV's to satisfy this condition. Even though it is good enough if only a few components of either f κ 2 orf κ 1 that correspond to m τ and m µ are dominant in M , we assume that all the components of either f κ 2 orf κ 1 are dominant over the others for simplicity. Now we write A ≡ f κ 2 / √ 2 and B ≡f κ 1 / √ 2, and thus M = Ae iα +B, as before. When |A ij | |B ij |, M must be close to a Hermitian matrix, which is equivalent to V †
Note that we need the condition on mixing matrices in addition to the conditions on the Yukawa couplings and VEV's since constructing M from mixing matrices is one of the first steps to construct all the mass matrices.
In this paper, we only consider the first case, i.e. |A ij | |B ij |. For simplicity, we could assume A = 0, for which we need either f = 0 or κ 2 = 0. In these cases, the mass matrices are rather simple:
However, f = 0 is the limiting case of an extreme hierarchy between two Yukawa coupling matrices f andf , which is rather unnatural. Furthermore, we must have M ∝ M D ∝f , and thus M D is diagonal in the mass basis of charged leptons, which means that we have to resort to only restrictive structures of mass matrices. On the other hand, with the condition
R vanishes, and we have to lose the rich phenomenology dependent upon ξ, especially the EDM's of charged leptons. Therefore, we do not introduce these extreme conditions.
In summary, for the TeV-scale MLRSM without fine-tuning in M D , we can assume the conditions either that
We study the first case here.
Numerical procedure
In this paper, we only consider the normal hierarchy in light neutrino masses. The procedure to calculate all the model parameters that determine the phenomenology of the MLRSM in type-I dominance is as follows: and m ν3 = m 2 ν1 + ∆m 2 31 .
Calculate
are the light neutrino mass matrices in the charged lepton and light neutrino mass bases, respectively. The mixing matrix U PMNS is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix whose CP phases are also randomly generated.
Randomly generate
R where M and M c are charged lepton mass matrices in the symmetry and charged lepton mass bases, repectively.
Find
using the method discussed in section 3. Randomly generate κ 2 , and calculate f ,f from A, B. 
Calculate
and this matrix is diagonalized by the 6 × 6 unitary matrix V νN :
where M diag νN is the diagonal matrix with positive entries. Following the convention of reference [10] , we write
where U , S, T , and V are 3 × 3 mixing matrices. Note that U = U PMNS . The straightforward numerical diagonalization might not work appropriately because of the hierarchy in the components of M c νN . Instead, V νN is calculated in two steps:
Here, V νN 1 transforms M νN into the block-diagonal matrix 6) and V νN 2 is the matrix that diagonalizes M BD νN . In addition, we use the standard parametrization of the PMNS matrix:
where δ D and δ M i are Dirac and Majorana CP phases, respectively. On the other hand, we parametrize V L and V R as
where 
Note that it is always possible to absorb
R where M c is a diagonal matrix. We can therefore write
In addition, the Hermitian matrix 
Numerical results
The The most notable result is that the regions of parameter space that allow small light neutrino masses are largely constrained by the experimental bounds from CLFV as well as the constraints from the light neutrino mass and mixing angles. Since the type-I seesaw formula implies det
, we need a hierarchy in the eigenvalues of M D or M R when light neutrino masses have a hierarchy. However, M D is determined from Yukawa couplings and VEV's, and it generally does not have the appropriate hierarchy in its eigenvalues to give hierachical light neutrino masses for most of the available parameter space. In other words, we generally need a hierarchy in the eigenvalues of M R , i.e. in the heavy neutrino masses as well, in order to obtain hierachical light neutrino masses. Since we are considering a range of m N , i.e. 0.1 TeV m N 100 TeV, the cases of large hierarchies in light neutrino masses are supposed to get constrained accordingly. Furthermore, since the regions of parameter space with large m N are largely affected by the experimental constraints from CLFV, small light neutrino masses are disfavored by all those experimental constraints. These results are all clearly presented in several plots in figures 4, 6, and 7. For example, the 99 % contour in figure 7a shows that m ν1 ∼ 0.1 eV for m W R = 5 TeV and m ν1 6 · 10 −3 eV for m W R = 10 TeV. Note that this does not necessarily mean that there exists a strict lower bound of the light neutrino mass for given m W R , since the results of this paper are based on the naturalness argument such as no fine-tuning in M D . Note also that we can observe similar patterns in neutrino mass correlations in any type-I seesaw models, even in the simple extension of the SM only with gauge singlet neutrinos. The difference in the MLRSM, or in a more general class of the left-right symmetric model, is that we can have large CLFV effects and thus the experimental bounds on CLFV are constraining the light neutrino masses. Moreover, since the largest possible hierarchy in heavy neutrino masses is directly associated with Parameter Range log 10 (m ν1 /eV) Table 2 . List of parameters and the ranges where those parameters are randomly generated. It is also assumed that δL5 = δL6 = 0, θRij = θLij, and δRi = δLi (i, j = 1, 2, 3). Here, A is defined
R is the charged lepton mass matrix in the symmetry basis. The electroweak VEV is vEW = κ 2/g (g = 0.65) is the VEV of the SU(2)R triplet. Since Yukawa coupling matrices f ,f are constructed from given M by the method presented in section 3, we explicitly consider only the condition κ1 κ2 for the TeV-scale MLRSM. Any Yukawa couplings that do not satisfy fij f ij can be excluded by filtering MR with large entries, which is one of the constraints given in table 3. The ranges and values of δL4, δL5, δL6, θRij, and δRi are chosen to guarantee V R ≈ V L for TeV-scale mN .
In principle, we only need δL4 ≈ 0, δL5 ≈ 0, δL6 ≈ 0, θRij ≈ θLij, and δRi ≈ δLi for V R ≈ V L . However, for the parameters other than δL4, it turned out that only extremely small deviations ( 10 −6 ) from the values assumed above are allowed to obtain TeV-scale mN . Therefore, for convenience, only δL4 is varied around 0 while all the other parameters are set to the fixed values mentioned above. The coupling constants α3, ρ2, ρ3 − 2ρ1 are assumed to be positive, which is a sufficient condition to have real masses of charged scalar fields. Note that slightly broader ranges than necessary are chosen for several parameters, in order to generate contour plots less distorted around the borders. Table 3 . List of constraints imposed on several model parameters. The lower limits of scalar field masses are set to 500 GeV to safely neglect many loop diagrams by those charged scalar fields. Note that the upper limits of all the coupling constants are set to √ 4π. The lower limit of the eigenvalues of MD is appropriately chosen to avoid singularity in calculating M Present bound (KamLAND-Zen) Future sensitivity (CUORE) Table 5 . Experimental bounds on the dimensionless parameters associated with the various processes of 0νββ. The present bounds come from KamLAND-Zen, and the strongest future bounds are from CUORE [27] . To obtain each bound, the associated decay channel is assumed to be dominant over the others. Even though there exist regions of parameter space where contributions from ην , η R N R , and η δ R are comparable to each other, it does not invalidate the assumption at least for the data points of interest around the present and future bounds, since larger values of |η would largely constrain the regions of parameter space of the normal hierarchy.
Another interesting result is that the mass of the lightest heavy neutrino m N1 has been also notably constrained by the present experimental constraints, which is, of course, associated with the result on light neutrino masses just mentioned. This is shown in figures 5a, 5b, 6a, and 7b. mass is also affected by the experimental bounds, although its effect is rather small, as shown in figures 5c, 6b, and 7c. While the CLFV effects of muons could be large enough for the associated processes to be detected in near-future experiments, the branching ratios of tau decays are either too small or just around the sensitivities of future experiments, as shown figure 1. The experimental bounds of CLFV are also constraining small masses of charged scalar fields as well as the RH gauge boson, as shown in figure 7 . As a result, the 0νββ processes through the heavy neutrinos as well as RH gauge boson (denoted by η and η δ R could be comparable to that of ην in principle, such cases have been actually almost excluded by the constraints from CLFV, as shown in figures 2d−2f. The contributions from ηη or η λ are too small compared with experimental bounds, as shown in figure  2h . Figure 2i shows that the present upper bound of the light Majorana neutrino mass from Planck is already below the bounds from KamLAND-Zen and CUORE, which means that 0νββ processes are difficult to be detected in near-future experiments since the light neutrino exchange diagrams are dominant for most of the parameter space due to the CLFV constraints.
are both suppressed. Hence, for most data points that satisfy the present experimental constraints, the dominant contribution to 0νββ comes from the process of the light neutrino exchange (denoted by η ν ), as shown in figures 2a−2c. However, since the upper bound of the light neutrino mass by Planck is already below the bounds of future experiments as shown in figure 2i, i.e. the light neutrino exchange channel has been largely constrained by the Planck observation, the possibility to detect 0νββ processes in near-future experiments is small. As for the EDM's of electrons, there seems to be also only small chances that they could be detected in near-future experiments as shown in figure  3 , since the largest possible EDM's of electrons are well below the future sensitivities of the planned experiement. In addition, the EDM's of muons and taus are too small compared with the present upper bounds. Note that the EDM's of charged leptons has been also constrained by the experimental The predicted values are found to be too small compared with the present and future bounds, since large EDM's require small mW R whose regions of parameter space have been largely constrained as shown in figure 4a . Even though the correlations between EDM's and CLFV are rather weak, as shown in figure 3c , the larger EDM's generally require the larger CLFV effects since mW R affects both CLFV and EDM's. Ti µ→e is chosen since it most clearly divides the colors of data points through its experimental bounds. The smaller values of the lightest light neutrino mass mν 1 produce the larger CLFV effects, as in figures 4d and 4e, since they require the larger values of the heaviest heavy neutrino mass mN 3 in most of the parameter space, as shown in figure 6f . As a result, the regions of parameter space of small light neutrino masses get constrained by the experimental bounds on CLFV. In figure 4f, additional data points (yellow dots) are also presented in order to show the effects of the perturvativity constraints, and all the data points generated in the ranges of parameters given in table 2 are shown in this plot. For those yellow points, at least one of the coupling constants are larger than √ 4π while the experimental constraints in the light neutrino sector are still satisfied. This figure shows that 2 ≡ κ2/κ1 0.01 is satisfied for all the data points due to the perturvativity constraints as well as the condition κ2 < 10 GeV, and thus the Higgs mass constraint can be easily satisfied, as mentioned in table 3. Figure 5 . Masses of heavy neutrinos in the TeV-scale MLRSM for 2 TeV < mW R < 30 TeV. For figure 5a , the same data set as in the previous plots are used to show the effect of the consraints from CLFV, 0νββ, EDM's, and Planck on the parameter space. The non-perturbative regions are where at least one coupling constant is larger than √ 4π. Note that green dots in figure 5a do not completely fill the available parameter space because of the constraints on masses and angles in the light lepton sector. For figures 5b and 5c, much more amount of data points was used to show how the present and future bounds constrain the parameter space. Figures  5a and 5b show that the lightest heavy neutrino mass mN 1 has been notably constrained by the experimental bounds, especially for smaller mW R . Figure 5c is the plot on the heaviest heavy neutrino mass mN 3 , and it shows that only a small region of parameter space with small mW R seems to have been excluded. Even though these plots in the linear scale are better in presenting the effect of experimental constraints on largest possible masses of heavy neutrinos, they do not correctly show the density distributions since the matrix A (≡ f κ2/ √ 2) is generated in the logarithmic scale. Plots of mN in the logarithmic scale are presented in figure 7 . For figures 5b and 5c, the data sets for figures 7b and 7c are used, respectively. 
Conclusion
In this paper, the procedure to construct lepton mass matrices is presented in the MLRSM of type-I dominance with the parity symmetry, and the conditions for the TeV-scale MLRSM without finetuning are also discussed, i.e. either (i) κ 1
Based on these results, the phenomenology of the TeV-scale MLRSM is numerically investigated when the masses of light neutrinos are in the normal hierarchy, and the numerical results on how the present and future experimental bounds from the CLFV, 0νββ, EDM's of charged leptons, and Planck observation constrain the parameter space of the MLRSM are presented.
According to the numerical results, the regions of parameter space of small light neutrino masses have been constrained by the experimental bounds on CLFV effects, although it does not necessarily mean there exists a strict lower bound of light neutrino masses. The lightest heavy neutrino mass is also found to have been notably constrained by the present experimental bounds especially for small m W R . In addition, it has been shown that all the 0νββ processes and the EDM's of charged leptons have been suppressed by the experimental constraints from CLFV, and we have at best only small chances to detect any of these effects in near-future experiments.
Note that the results of this paper are based on several nontrivial assumptions such as (i) type-I seesaw dominance, (ii) the parity symmetry, and (iii) the normal hierarchy in light neutrino masses. Furthermore, it should be emphasized that this paper is considering the TeV-scale phenomenology of the MLRSM without fine-tuning of model parameters. If fine-tuning is allowed, significantly different predictions could be made.
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A Expressions of observables
In this paper, the expressions presented in reference [10] 2 is multiplied to the whole expression. The normalized Yukawa couplingsh L andh R are explicitly distinguished in this paper, since they are generally different even with the manifest left-right symmetry. 10 TeV from the absence of flavour changing neutral current in the quark sector is not considered in this paper. The total number of data points is 51971 = 51561 (red) + 410 (purple).
A.1 Charged lepton flavour violation
The normalized Yukawa couplingsh L ,h R in the charged lepton mass basis are given by [33] A.1.1 a → b γ For on-shell decay a → b γ, the branching ratio is given by
The initial and final charged leptons have opposite chiralities, and L or R in G γ L,R denotes the chirality of the initial charged lepton. The Feynman diagrams of on-shell µ → eγ are given in figure 8 . 
A.1.2 µ → eee
The tree-level contribution to µ → eee is Figure 9 . Feynman diagrams of the tree-level processes of µ → eee.
The Feynman diagrams of the tree-level processes are given in figure 9 . The one-loop type-I seesaw contribution is given by [35, 36] BR
and the interference terms are
The form factors for the off-shell photon exchange are
For the Z 1 -exchange diagrams, the form factors are given by
2 , c W ≡ cos θ W , and ζ 3 is the Z 1 -Z 2 mixing parameter given by equation 2.18.
The Feynman diagrams that contribute to F γ L,R and F Z1 L,R are presented in reference [33] . The form factors of the box diagrams are written as
Here, the masses of light neutrinos and the momenta of external fields are assumed to be zero. The Feynman diagrams of the box diagrams are presented in figure 10 .
A.1.3 µ → e
The µ → e conversion rate is given by [33, [36] [37] [38] 
Here, A, N , and Z are the mass, neutron, and atomic numbers of a nucleus, respectively, and Z eff is the effective atomic number. The parameter F p is the nuclear form factor, Γ capt is the capture rate, and α em ≡ e 2 /(4π). The values of F p and Γ capt of various nuclei are summarized in table 6 [38] . The form factors in equation A.17 are given by Table 6 . Form factors and capture rates of various nuclei associated with µ → e conversion.
and
The box diagram form factors are 
µedd RR Figure 11 . Feynman diagrams of B µeqq .
A.1.4 Loop functions
The loop functions of CLFV are
A.2 Neutrinoless double beta decay
The dimensionless parameter associated with the W L -and light neutrino exchange is
For the W L -and heavy neutrino exchange, we have
where m p is the mass of a proton. For the W R -and heavy neutrino exchange, the parameter is given by
For the δ ++ R -exchange, we have
For the λ-diagram with final state electrons of different helicities, the parameter is written as
For the η-diagram with W L -W R mixing,
The Feynman diagrams corresponding to those parameters are given in figure 12 . The phase space factors G 0ν 01 and matrix elements M 0ν for various processes that lead to 0νββ are summarized in table 7 [10, [39] [40] [41] [42] [43] [44] [45] [46] . The inverse half-life is written as Table 7 . Phase space factors and matrix elements associated with 0νββ.
A.3 Electric dipole moments of charged leptons
The EDM of the charged lepton α (α = e, µ, τ ) is given by [9, 47] 
The Feynman diagrams that generate the EDM of an electron are given in figure 13 .
B Benchmark model parameters and their predictions
The benchmark model parameters and their predictions are summarized in tables 8 and 9. These parameters are chosen to obtain BR µ→eγ , BR µ→eee , R µ→e , and T 
The charged lepton and Dirac neutrino mass matrices in the symmetry basis are The neutrino mass matrices in the charged lepton mass basis are written as Note thath L ≈h R since we are considering the cases of V L ≈ V R for the TeV-scale phenomenology.
